Several redox enzymes were examined for enzymatic/electrochemical-recycling systems in order to measure p-aminophenol (PAP) with high sensitivity. Glucose oxidase (GOD) and diaphorase (DI) worked well as catalysts for recycling electrode systems: these enzymes effectively reduced p-iminoquinone (PIQ), the electrochemically-oxidized form of PAP, and caused an enhancement in the electrochemical signals (anodic currents in the voltammogram and amperogram) by ~100 fold. The lower detection limits for PAP were estimated to be 50 nM with the GOD system and 2 nM with the DI system. We combined the enzymatic-recycling electrode using DI with an enzyme immunoassay system to measure atrial natriuretic peptide (ANP), an important marker peptide hormone involved in heart diseases. ANPs from serum samples at ppt-levels were determined appropriately using the present assay system.
Introduction
A-type (atrial) and B-type (brain) natriuretic peptides (ANP, BNP) are synthesized in the heart; they have many pathophysiological roles, including natriuretic action and vasodilating action. [1] [2] [3] Since the plasma levels of ANP and BNP increase in accordance with the severity of heart failure, measuring these peptides is very useful in both the diagnosis and the treatment of heart failure. [4] [5] [6] [7] [8] [9] [10] The concentrations of ANP and BNP in our blood under normal conditions are extremely low (< 40 pg mL -1 (ppt)), but rise to by 10 -100 fold in patients with severe congestive heart failure. 11, 12 To measure such low concentrations of peptides, recearchers have developed and commercialized highly-sensitive radioimmunoassays or enzyme immunoassays based on chemiluminescence or fluorescence. [13] [14] [15] [16] However, simple and inexpensive bedside measurements in ambulances, hospitals, and homes are difficult to accomplish with these methods, because the aforementioned methods require expensive and massive apparatuses. Therefore, the development of a simpler and cheaper assay system is necessary.
Since the electrochemical sensing system is very simple, timesaving, cost-effective, and easy to make portable, it may be useful to combine it with a highly-selective enzyme immunoassay system for the on-site measurement of biomolecules. However, normal electrochemical detection techniques are less sensitive as compared with the aforementioned methods, and cannot measure ppt-levels of biomarkers. We have recently developed a highly sensitive surface electrochemical enzyme immunoassay technique 17 that uses acetylcholinesterase (AChE) as a labeling enzyme. The enzyme reaction product, thiocholine, accumulated on the metal electrode surface by chemisorption through S-metal bonds, and the amount of accumulated molecules (which correlates with the enzyme activity) was estimated by the electrochemical reduction of the S-metal bonds. The accumulation step leads to the high sensitivity of the electrochemical enzyme immunoassay, and sub-ppt levels of BNP could be assayed. Although a highlysensitive electrochemical immunoassay was achieved, the electrochemical reduction step in the system needs a deaerated alkaline solution to obtain precise and reproducible results, and this might not be practical for clinical use.
In the present study, to develop a highly-sensitive assay system for ANP using an electrochemical detection method in neutral solution, we adopted the enzymatic recycling electrode system. In enzymatic recycling, an electrochemically active small molecule is used as a redox mediator, and the electrochemically oxidized (or reduced) mediator is then reduced (or oxidized) back by the redox enzyme(s), which leads to the redox cycling of the mediator to amplify the electrical current. [18] [19] [20] Quinone derivatives such as p-aminophenol (PAP) are the most frequently studied mediators. We compared the abilities of several redox enzymes to function in an enzymatic recycling electrode system for PAP, and coupled the recycling system to an enzyme immunoassay to measure ANP. We thus achieved the ppt-level detection of ANP. 
Apparatus
Voltammetry and amperometry were performed with an electrochemical analyzer 400A (Bioanalytical Systems, West Lafyette, IN). A gold disk (diameter, 3 mm; Bioanalytical Systems), an Ag/AgCl electrode and a platinum wire were employed as the working, reference, and auxiliary electrodes, respectively. All potentials are reported in reference to a SHE (standard hydrogen electrode) at room temperature. The ÄKTAdesign chromatography system (Amersham Biosciences, Piscataway, NJ) was used for the purification of the enzyme conjugated anti-ANP antibody.
Preparation of enzyme-labeled anti-ANP IgG and ANP immobilized substrate
Alkaline phosphatase (ALP) conjugated anti-ANP antibodies (ALP-Ab) were prepared using an ALP labeling kit (Dojindo Co., Tokyo). The material was purified by gel filtration column chromatography with a Sephacryl S-300 HR column (Amersham Biosciences). An ANP-modified (gold) substrate for the separation of bound and free forms of ALP-Ab ( Fig. 1 ) was prepared as previously described. 17, 22 A clean gold surface was modified with 8-amino-1-octanethiol (Dojindo Co.), and then ANP was covalently immobilized onto the NH2-terminated surface. The amount of ANP immobilized on the surface was estimated to be ca. 6.5 ¥ 10 -11 mol cm -2 by quartz crystal microbalance measurements, suggesting that there was a monolayer coverage.
Electrochemical enzyme immunoassay procedure
ANP was measured according to the scheme shown in Fig. 1. An aliquot of ANP was added to a buffer solution (pH 7.4) containing ALP-Ab (180 ng mL -1 ), and the mixture was stirred for 30 min to promote the immunochemical reactions. The ANP-modified substrate was inserted into the solution, and the mixture was stirred for 30 min so that any unreacted ALP-Ab would attach onto the electrode surface. The buffer solution contained 0.5% of n-dodecyl-b-D-maltoside (DDM; Dojindo Co.) to prevent the non-specific adsorption of ALP-Ab. DDM is reported to be useful for minimizing nonspecific protein adsorption. 23 Although complete blocking of the non-specific binding of the antibody could not be achieved under the present conditions, a sufficient blocking effect was observed (the current due to nonspecific adsorption decreased to 5%) to obtain stable responses in the present electrochemical immunoassay (a background current due to the non-specific binding of antibody was subtracted). The substrate with bound ALP-Ab was soaked in a 3 mM PAPP solution for 15 min to form PAP. Finally, the bioelectrocatalytic detection of the PAP was carried out amperometrically using the enzymatic recycling electrode system at 0.45 V vs. SHE. When GOD was used as the recycling enzyme, Ar gas was passed through the sample solution for 5 min before each electrochemical measurement.
Results and Discussion
Enzymatic recycling electrodes for PAP Figure 2 shows the cyclic voltammograms obtained in a 10-mM PAP solution in phosphate buffer (pH 7.5) using a bare glassy carbon electrode in the absence and presence of the enzymatic recycling system. In the absence of the recycling system, a pair of reversible peaks corresponding to the oxidation of PAP (to p-iminoquinone (PIQ)) and the reduction of PIQ back to PAP were observed with a formal redox potential of 0.3 V vs. SHE, as shown in Figs. 2a and 2b with dotted lines. This is identical to a previously reported value. 24 Upon the addition of GOD (50 U mL -1 (ca. 2 mM)) and glucose (10 mM) to the PAP solution, the shape of the voltammogram changed to a catalytic sigmoidal curve, as shown in Fig. 2a(2) . The oxidation (anodic) current of PAP was enhanced as the reduction (cathodic) current disappeared, which can be ascribed to the electrochemical oxidation of PAP (to PIQ) coupled with the GOD-catalyzed reduction of PIQ (to PAP). The overall reaction is a GOD-based bioelectrocatalytic oxidation of glucose with the PAP/PIQ redox couple as the mediators. The catalytic current was linear with the concentration of PAP up to at least 400 mM (Fig. 3a) . A detection limit of 50 nM was estimated under the present amperometric condition (at 0.45 V). The consumption/regeneration cycle resulted in a highly sensitive assay for measuring PAP. A similar result was obtained when DI was used in the enzymatic system instead of GOD. Upon the addition of DI (50 U mL -1 (ca. 1 mM)) and NADPH (5 mM) to the PAP solution, a greatly enhanced electrochemical response with a sigmoidal shape in the voltammogram was observed, as shown in Fig. 2a(3) . In the DI case, the degree of enhancement of the amplified electrochemical signal (anodic current in the voltammogram) was about one order of magnitude greater than the GOD system, indicating that DI reduces PIQ (produced by the electrochemical oxidation of PAP) more efficiently in the present system. The catalytic current was linear with the concentration of PAP up to approximately 3 mM (Fig. 3b) . The lower detection limit was estimated to be 4 nM under the present amperometric condition (at 0.45 V). According to the theory of homogeneous mediated bioelectrocatalysis in quiet solutions, 25 the bimolecular reaction rate constants between the enzymes and PIQ (kcat/Km) can be estimated using a linear relationship between the obtained currents and the concentrations of the mediator. The reaction rates were 5. value between DI and PIQ is in good agreement with a previously-reported value. 26 A two-orders-of-magnitude larger rate constant was obtained for DI-PIQ as compared to that for GOD-PIQ. Since the formal potentials (E 0 ¢) of DI and GOD are reported as -0.325 V 26 and -0.063 V, 27 respectively, the E 0 ¢ value of PAP/PIQ (E 0 ¢ = 0.3 V) is sufficiently more positive than those of these enzymes. The aforementioned facts indicate that the reactions between the enzymes and PIQ are diffusioncontrolled. 25, 26 One of the main reasons for the difference in the rate constants between DI-PIQ and GOD-PIQ could be due to the difference in the diffusion capability of these enzymes: GOD is a large homodimer with a molecular weight of ~186 kDa, whereas DI is a medium-sized protein with a molecular weight of 24 kDa. The difference in the degree of interaction between the enzymes and PIQ may be sufficient to explain the present observation.
On the other hand, glucose dehydrogenase, tyrosinase, and laccase were found to be less effective in amplifying the electrochemical signal of PAP, as shown in Figs. 2a(1) (glucose dehydrogenase) and 2b (tyrosinase and laccase). Although we had expected increases in an anodic current with glucose dehydrogenase and in a cathodic current with tyrosinase or laccase, no remarkable enhancement in the electrical currents was observed with these enzymes. This suggests that a rapid electron transfer between these enzymes and PAP or PIQ did not occur. Since glucose dehydrogenase (the NAD-dependent type was used in this study) is known to have high substrate specificity, this could be the main reason for the slow electron transfer reaction. A well-amplified tyrosinase based bioelectrocatalysis using phenol has been previously reported, 28 and we reproduced their results in the present study. However, when PAP was used instead of phenol, little amplified signal was obtained, as reported above, suggesting that tyrosinase does not specifically interact with aminophenol.
Effect of enzyme immobilization
Since GOD and DI were found to be highly effective in amplifying the electrochemical signal of PAP, we examined the immobilization of these enzymes onto an electrode surface, expecting further improvements in sensitivity. A highly-stable immobilization of GOD onto a glassy carbon electrode surface was achieved with the lipid modification method. 29 With the GOD-modified electrode, a GOD-based bioelectrocatalytic Fig. 2a . Note that the amplification magnitude of the anodic current of PAP in the GOD-immobilized electrode system was much greater than the anodic current of GOD in solution.
When GOD was immobilized, an amplification of more than 100-fold for the anodic current of PAP was observed, whereas the GOD in solution system was about 8-fold greater at its maximum. The detection limit was lowered to 2 nM (S/N = 3) from 50 nM by immobilizing the enzyme (Fig. 4a) . Table 1 compares the enzymatic recycling features for PAP detection in which the enzymes were either in solution or immobilized on the electrode surface. The GOD-immobilized electrode prepared in this study was highly stable: the electrochemical responses to PAP did not change for at least 6 months with 4˚C storage after each use (data not shown). The immobilization of DI was carried out with a BSA-conjugated method. 30 The modified electrode also gave a bioelectrocatalytic voltammogram of PAP. A ~200-fold enhanced anodic current for PAP was obtained by adding NADPH to the PAP test solution. Since the amplification magnitude in the system in which DI was present in solution was already about 100-fold greater (Fig. 2) , the effect of enzyme immobilization (concentration on the electrode surface) was much less in the case of DI compared with the case of GOD ( Table 1 ). The detection limit was slightly lowered from 4 nM to 1 nM by immobilizing DI (Fig. 4b) . These results also seem to support the above discussion. Since the diffusion of GOD is slower than that of DI, a larger immobilization (concentration) effect should be observed. Some instability and loss of activity of DI in the film may also be postulated to explain these results. The electrochemical response of PAP with the DI-immobilized electrode decayed to less than half within two days at room temperature, indicating that DI was not very stable within the present film.
ANP measurement
The above enzymatic recycling electrode was combined with an enzyme immunoassay method for ANP determination (Fig. 1) . Under optimum conditions, the calibration curve of this DI (in solution)-based immunosensor for ANP using amperometric detection was constructed as shown in Fig. 5 , where the obtained steady currents were plotted against the concentrations of ANP in the sample solutions. Although the current remained almost unchanged when the ANP concentration was lower than 5 pg mL -1 , it decreased with increasing ANP concentration when the ANP concentration was higher than 10 pg mL -1 . An increase in Table 1 ANP within the sample caused a decrease in unreacted ALP-Ab, and thus a decrease in ALP activity on the ANP-attached gold substrate. Hence, the electrode response of PAP decreased in proportion to an increase in the ANP concentration. A dynamic range from 10 pg mL -1 and 100 ng mL -1 was obtained in the present system. This indicates that our immunosensor is sufficient for monitoring the ANP concentration in patients' blood samples, since the blood levels are reported to range from about 40 pg mL -1 and 1 ng mL -1 , and the sensitivity is equivalent to photometric assay methods. The relative standard deviation (RSD) for nine replicated measurements of a 10 pg mL -1 ANP, 100 pg mL -1 ANP, 1 ng mL -1 ANP, and 10 ng mL -1 ANP were 8, 12, 13, and 21%, respectively. These values would be improved by decreasing the concentration of the ALP labeled antibody, which could lead to increase the sensitivity, although the dynamic range would be smaller. 31 However, we consider that the present RSD values would be acceptable for on-site monitoring of natriuretic peptide for clinical diagnosis, because the peptide concentration in blood significantly increases in heart failure patients. 11, 12 Recovery tests of spiked samples with ANP To explore the applications of the present method, we performed recovery tests for ANP spiked in human serum. The human serum was a 1:5 diluted sample that was filtered before the measurement. Table 2 compares the current values obtained for various concentrations of ANP spiked into human serum with those spiked into a buffer solution. The recovery was in the range of 85 -105%. After considering the experimental error, we conclude that satisfactory recovery test values were realized over a wide concentration range of 10 pg mL -1 to 1 ng mL -1 . When an unfiltered serum sample solution was used, we could not obtain good agreement between the ANP spiked into the serum and the ANP spiked into the buffer. The observed current value for ANP in unfiltered serum was decreased by almost 50% as compared with that for ANP in the buffer solution. This suggests that large molecules in the serum sample adsorbed non-specifically onto the ANP-immobilized surface (B/F separation substrate), and blocked the specific binding of the free form of antibody, which could lead to the decrease in the observed current.
Conclusions
We compared the capabilities of several redox enzymes to function in an enzymatic recycling electrode system for PAP, and found that DI was the best enzyme for the amplification of the electrochemical signal of PAP. A highly-sensitive electrochemical enzyme immunoassay system based on PAP recycling was developed to measure low concentrations (ppt level) of the analytes. The present system could detect ANP in human serum with satisfactory sensitivity. Although the total time for one assay required 80 min, this can be reduced by applying the present method to a microfluidics system, and this study is now in progress.
